The potentiodynamic behaviour of Co(OH)2 hydroxide electrodes is studied in the potential range related to the appearance of Co(III) and Co(IV) species. The corresponding electrochemical reactions involve relatively fast proton transfer processes occurring at potentials close to those predicted from thermodynamics. Sandwich-type structures of the eleclrode/film/solution interface are assumed in the interpretation of the processes. They probably include configurational changes of reactants and products participating in the various electrochemical reactions.
INTRODUCTION
The anodic formation of cobalt oxides has been studied by several authors since the works by Grube [1, 2] The electrochemical behaviour of cobalt has been investigated by potentiostatic and galvanostatic techniques [3] [4] [5] and voltammetry [6] [7] [8] [9] , using different electrolytes such as alkaline aqueous solutions [10] [11] [12] [13] , neutral solution containing KH2PO4(+ NaOH) [14] ,borate solutions [14] [15] [16] [17] [18] [19] and bi carbonate and borate solutions [20, 21] . The different types of films produced at different potentials .were studied by ellipsometry [18, 19, 22] and Mössbauer spectros copy [23] [24] [25] [26] . The equilibrium properties of the possible stoichiometric and nonstoichiometric film-forming species were also evaluated, including phase transition characteristics / [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . .The; electrocatalytic properties of Co(III) oxyhydroxide species, thermally prepared and reflected through the activity of the oxygen evolu tion reaction, were also considered in some detail [ 37 41 ].
The electrochemical reaction related to cobaltous hydroxide appears very complex and the interpretation advanced by different authors present some coincidences as well as clear discrepancies. There is agreement on the participation in those reactions 0022-0728/82/0000-0000/502.75 « 1982 Elsevier Sequoia SA. 368 of oxides and hydroxides of various types. This has been concluded both from electrochemical as well as optical and structural studies of the anodically formed film. There is also evidence of the occurrence of various sandwich-type structures in the different potential regions. In this sense the work of Sato and co-workers [15] [16] [17] [18] [19] is relevant, as well as the conclusions derived from Mössbauer spectroscopy [23] [24] [25] [26] made in situ.
The aim of the present work is to study the potentiodynamic response of cobaltous hydroxide electrodes in alkaline solutions in order to establish the actual degree of complexity of the electrochemical reaction and to develop a possible mechanistic understanding of that electrode.
EXPERIMENTAL
The experimental set-up was the same as previously described [42] . "Specpure" cobalt (Johnson Matthey Chem.) in the form of either fixed wires (0.5 mm diameter, 0.25 cm2) or rotating discs (0.070 cm2), and precipitated (colloid) cobalt hydroxide on vitreous carbon (Union Carbide, low density) discs (0.071 cm2) substrates, supported with PTFE holders were used as working electrodes. The counter elec trode was a large-area Pt sheet previously cleaned with the usual procedures.
Vitreous carbon was first polished with the finest grade emery paste, cleaned by immersion either in boiling dilute HC1 or in a 1:1 H2SO4 + HNO3 mixture, and finally rinsed in thrice-distilled water. The preparation of the vitreous carbon/Co(OH)2 (colloid) working electrodes was carefully adjusted to obtain reproducible and comparable results. The Co(OH)2 precipitation on the vitreous carbon substrate was made ai room temperature from alternative immersions, first in a 0.01 M KOH + 0.33 M K2SO4 solution and then in a 5mM CoSO4 solution. The immersion time in both solutions was fixed at 10 s, and the number of alternative immersions in each solution covered was from 2 up to 30. The electro chemical measurements with the vitreous carbon/colloidal Co(OH)-, electrode were performed in 0.01 M KOH + 0.33 M K2SO4 electrolytic solutions. For the "Specpure" cobalt working electrodes the following electrolytic solutions were employed: Potentials were measured vs. a Hg/HgO references electrode prepared by using the same KOH solution as employed in the experiments (Pt, H2/KOH/HgO/Hg, E° = 0.926 V). The correction for the liquid junction potential was taken into account, as previously described [42] . Experiments were made under N2 gas satura tion at 25°C using single (STPS), repetitive (RTPS) and triangularly modulated (TMTPS) triangular potential sweeps.
RESULTS

Cobalt/alkaline solution system
The £//potentiodynamic profiles run in the -1.25-0.6 V range (Fig. 1) depend remarkably on the number of triangular potential sweeps. The first positive-poten tial-going scan exhibits the electroformation of Co(II) species in the -1.0-0 V range [42] and at more positive potentials a complex display of anodic peaks. The successive potential cycling produces a decrease in the current associated with the Co(II) electrochemical process, a change in distribution of the anodic current peaks related to oxidation states of Co greater than that of Co(II) and, simultaneously, the enhancement of the electroreduction current related to the latter species. Initially the anodic charge is much greater than the cathodic charge, but during the RTPS both charges approach the same value. The stabilized E/I profile which is attained after about 20-60 min shows two well-defined anodic current peaks, one at 0.1 V, another at 0.3 V and, probably, a third one beyond 0.5 V.
The distribution of current peaks becomes clearer when the cathodic switching potential is more positive than the potential for electroreducing the Co(II) species (Fig. 2 ). Under these circumstances the stabilized E/I profile involves equal anodic and cathodic charges and it exhibits three nearly reversible redox couples in the -0.1-0.6 V-range. The height of each current peak depends linearly on the potential sweep rate (Fig. 3 ). The conjugated anodic and cathodic current peaks, as well as the electrochemical behaviour of each independent redox couple, can be determined by running TPS while gradually changing the anodic switching potential (Fig. 4) . The kinetics of the redox couples appearing at the positive potential side are apparently faster than that of the first one. The appearance of the three redox couples requires that the Co(II) species remains on the electrode. This is achieved by properly selecting the value of the cathodic switching potential. These results suggest that the interphase acquires a sandwich-type structure where its outer side is related to the three redox reactions involving oxidation states of Co higher than, that of Co(II). When the cathodic switching potential is equal to 0 V, the RTPS shows only the redox couples appearing in the 0-0.65 V range (Fig. 5 ). Therefore, by properly adjusting the cathodic switching potential, the stabilized E/I profile shows the contributions of the various redox processes well separated. This indicates that the three electrochemical processes are consecutive processes. The characteristics of the Co/alkaline solution interphase referred to above are independent of the alkaline solution concentration (0.01 McKOH 2.5 M). It is interesting to observe that although the three redox couples which appear at high positive potentials behave as independent reactions, they have a remarkable influence on the electroreduction processes taking place between -0.9 and -1. ( Fig. 6 ). Thus, the electroreduction current peak which appears initially at -0.9 V, moves gradually towards more negative potentials as the anodic switching potential becomes more positive. Simultaneously, the electroreduction charge progressively increases. Furthermore, the hydrogen discharge reaction is then preceded by a small hump located al ca. 
Vitreous carbon/Co(OII)-,/alkaline solution system
The preparation of colloidal Co(OH)2 electrodes on vitreous carbon offers the possibility of obtaining data free from the possible electrodissolution of the base metal. As is already known for other colloidal hydroxide electrodes, when relatively thin Co hydroxide films are used, the electrochemical response of the system depends on the type of pretreatment applied to the base conducting material. Despite this, the potentiodynamic E/I profiles obtained with Co(OH)2 precipitated on vitreous carbon previously immersed for 15 min in I I HNO-, + H2SO4 mixture, are, in principle, more poorly defined than those already described (Fig. 9 ). The voltammogram shows a charge decrease during the RTPS, the various redox systems are not well distinguished and probably-except for the redox couple located at more positive potentials-the rest of them are apparently kinetically slower than was -0.2 □ 0 2 0.4 0.6 E/V earlier found on the cobalt base electrode. It should be noted that the definition of the three redox couples depends on the switching potential values (Fig. 10) . The same conclusions are derived by running potentiodynamic E/I displays with a gradual increase of the anodic switching potential (Fig. 11) . The charge related to the electro-oxidation of precipitated Co(OH)2 increases with the number of alternative immersions in the precipitating solutions and decreases as the immersion time in those solutions increases. When the potential limit exceeds the oxygen evolution threshold, the negative-potential-going scan shows the electroreduction of molecular oxygen iii the -0.6 to 0V range. When this occurs, the immediately following positive-potential-going scan exhibits a small anodic current at ca. 0.1 V which is probably related to the electro-oxidation of a peroxidic-type intermediate produced during the preceding oxygen electroreduction [43] [44] [45] .
DISCUSSION
The reversible characteristics of the electrochemical reactions occurring in the potential range between -0.5 and 0.65 V offer the possibility of a straightforward comparison of the potentials of the corresponding current peaks with those predic ted by thermodynamics [6] . It is clear that the reactions in the lower potential range should be mainly related to Co(II)/Co(III) redox systems, while at potentials preceding the discharge of oxygen, the Co(III)/Co(IV) couple should predominate. According to Table 1 
, the potentials of all possible reactions should depend on the OH-ion concentration in solution; however, this influence in the present case is, in principle, compensated because of the reference electrode used in the measurements.
Previous results on the behaviour of Co/alkaline solution interphases have shown the formation of a sandwich-type structure when the electrode was subjected to a prolonged potential cycling, namely a structure such as Co/CoO/Co(OH)2 was proposed [42] , This sandwich-type structure has already been proposed by Sato [ although it should be admitted, in principle, that for the same oxidation state, the degree of hydration of the two layers should depend on the conditions in which the complex electrochemical interphase has been formed, including the influence of the composition of the electrolyte solution. Therefore, when the electro-oxidation of cobalt in the alkaline electrolyte proceeds at potentials more positive than -0.5 V, then the reaction involves the oxidation of one of the two main Co(II) species which constitute the sandwich-type structure, namely, CoO and CofOH),. One interesting point to emphasize is the fact that all the voltammograms exhibit poorly distinguished current peaks which are mounted on a base line which are initiated at about -0.4 V in the anodic direction. The same applies in the negativepotential-going directions. Furthermore, along the whole potential range (-0.5-0.6 V) the electrochemical reactions behave as reversible processes similar to those encountered for other proton transfer reactions in transition metal hydroxide/oxyhydroxide systems [46] [47] [48] [49] . From thermodynamic data it is con cluded that the inner CoO layer is oxidized to Co3O4 according to
(CoO)inner + H2O = Co3O4 + 2 H+ +2 e
(1) since the E° value for reaction (1) [£^°/(V, Hg/HgO) = -0.396 V] coincides with the potential where the Co(II) to Co(III) electrooxidation is initiated. The potential of reaction (1) is given by
E= -0.369 ~(RT/2F)ln[ alM/aCo^) -(RT/F) In aOH-
where the activities (a) of the two oxides refer to the conditions at the inner layer, which may, in principle be different from those in the bulk systems. According to eqn. (2) as the «coo/aco3ox ratio decreases, the potential shifts in the positive direction and finally the electro-oxidation of the outer Co(OH)2 layer becomes feasible. This means that within' a certain range of potential a complex interface of the type Co/CoO/Co3O4 is also formed. This type of structure was actually found, under certain conditions, at the Co/alkaline solution interface [13] . According to the previous picture, the reversible characteristics of the reactions and the fairly good coincidence between the potentials of the conjugated current peaks with the thermodynamic data, the first process can be written as follows:
[Co(CoO)(Co(OH))2 x H2O] -[Co(CoO)(CoOOH ■ x'H2O)] + H++x" H,O + e (3)
where x' + x" = x. Accordingly, a second sandwich-type structure is formed in the first stage of the Co(II) to Co(III) electro-oxidation process. The current peak found at ca. 0.0 V, is close to the thermodynamic value corresponding to reaction (3), which is -0.054 V (Table 1) . According to thermodynamics one would expect that the inner CoO layer is first electro-oxidized to Co(III), as the corresponding E° value is more negative than that of reaction (3). However, the sandwich-type structure implies that the OH-ion concentration at the inner layer, as well as the water content, are determined to a great extent by the characteristics of the outer 
The E° value for reaction (4) coincides with the potential values of the second group of conjugated current peaks. It is likely that the inner layer is then not completely transformed into the oxyhydroxide species, because one should expect less activity of water at the inner-layer region. Finally, in the region preceding the O2-evolution the electrochemical reaction yielding Co(IV) from Co(III) species should occur at a potential which, according to the following reactions:
and
CoOOH -* CoO2 + H++e
is close to 0.5 V, just in the range where the current peaks related to the third stage of the electro-oxidation process are observed. In conjunction with the interpretation advanced above, the results obtained using conducting substrates other than cobalt can be understood, especially those referring to the changes produced during potentential cycling (Fig. 10) . Thus, for the runs depicted in Figs. 9 and 10 the electrochemical system initially corresponds to the carbon/Co(OH)2 interphase. Hence, the electro-oxidation reaction should exhibit peaks III and IV as the main contributions, as it actually occurs. But as the potential cycling covers the -0.5 V range, then part of the CoOOH is electroreduced to Co, and consequently the E/I profile gradually changes from the initial one to that resulting when cobalt itself was used as the base electrode material. These changes are also associated with the modification of the charges playing a part in the overall process under potentiodynamic conditions. In any case, the behaviour of the processes discussed above indicates that the electrochemical reactions involve fast proton transfers and that the advance in the degree of oxidation of the metal is accompanied by a deprotonation and change in the water content at different parts of the complex electrochemical interface, in agreement with the general reaction pathway recently proposed to explain the active dissolution, active-passive transition and passivation of iron family metals in aqueous electrolytes [50] [51] [52] [53] [54] [55] . This fact opens up the possibility that different Co(OH)2 and CoOOH structures participate in the reactions occurring at slightly different potential regions, as is the case of nickel hydroxide electrodes. On fact, aand /?-Co(OH)2 crystalline structures are reported in the literature [35] . It is reported that a-Co(OH)2 electrodeposited on platinum electro-oxidizes in KOH solution to CoOl 6S with a 5% content of potassium, yielding a crystalline structure which is similar to that of y-NiOOH. On the other hand, /?-Co(OH)2, having a brucite-type structure is very resistant to its electro-oxidation [4,29], However, their electrochemi cal reactions are not so evident as in the case of nickel hydroxide electrode because the different electro-oxidation stages of cobalt from Co(II) to Co(IV) appear in a potential range which is smaller than that of nickel. The same applies to the existence of two CoOOH species, namely aand 0-CoOOH [29] . In this case, ageing effects such as those already described for the nickel hydroxide electrode are not discarded for the cobalt hydroxide electrode. At present, however, the complexity of the electrochemical reactions impedes a definite conclusion on this aspect of the reaction.
